mary sclerosing cholangitis and primary biliary cirrhosis (5, 28) , which are characterized by an abnormal balance between biliary growth and damage (5, 28) . In animal models of cholestasis, changes in biliary growth and damage are achieved by a number of pathophysiological maneuvers including extrahepatic bile duct ligation (BDL) (4, 15, 23) , acute administration of carbon tetrachloride (CCl 4 ) (31), cholinergic (30) denervation, and ablation of sensory innervation by knockdown of ␣-calcitonin gene-related peptide (␣-CGRP) (23) . In these models, small and large cholangiocytes (lining small and large bile ducts, respectively) (2, 6, 21) show a different biological response, in terms of proliferation, survival, and secretory activity (3, 15, 21, 30, 31) . Relevant to this study, in the cholestatic BDL rodent model large but not small cholangiocytes undergo mitosis leading to enhanced large bile duct mass (3, 15, 31) . Two second messengers, D-myo-inositol 1,4,5-trisphosphate (IP 3 ) and cyclic adenosine 3=,5=-monophosphate (cAMP), regulate the proliferative, apoptotic, and secretory functions of small and large cholangiocytes (3, 15-17, 23, 30, 31) . Although the IP 3 /Ca 2ϩ -dependent signaling modulates the function of small cholangiocytes (16, 31) , large cholangiocyte hyperplasia following BDL is regulated by the activation of cAMP-dependent PKA signaling (3, 15, 17, 23, 30) .
Two afferent nerve pathways are present in the liver: the vagal and the spinal afferent nerve pathways that run through the dorsal root ganglion (45) . Sensory nerves also display an efferent function, which is mediated by the release of sensory neuropeptides such ␣-CGRP from their peripheral terminals in tissues that they innervate modulating cellular functions (25) . Substance P (SP), containing peptidergic nerves, is present in the spinal afferent nerve pathway. SP-positive innervation has been localized in the periportal regions of guinea pig and human liver (43) . SP is a member of the tachykinin peptide family that is formed by six members: SP, neurokinin A, neurokinin B, neuropeptide K, neuropeptide ␥, and hemokinin (1) . SP and neurokinin A are present in the central nervous system and primary sensory afferent neurons innervating peripheral tissues and are released from sensory nerve endings both at the level of the spinal cord and in peripheral tissues (1) . The tachykinin receptor family consists of three types of seven transmembrane G protein-coupled receptors: neurokinin-1, -2, and -3 receptors (NK-1R, NK-2R, and NK-3R). SP preferentially binds and signals via the NK-1R (1) . Limited data exist regarding the role of sensory innervation in the regulation of biliary functions. Tachykinins are the main nonadrenergic and noncholinergic excitatory neurotransmitters in the common bile duct of guinea pigs (38) . Sensory neuropathy has been associated in patients with primary biliary cirrhosis (13) . Also, knockout of ␣-CGRP reduces cholangiocyte hyperplasia in cholestatic BDL mice by downregulation of cAMP signaling (23) . No data exist regarding the role of SP in the regulation of biliary hyperplasia during cholestasis induced by BDL.
In many cell types, SP-induced activation of NK-1R (coupled to pertussis toxin-insensitive G q /G II ) activates phospholipase C and subsequent formation of IP 3 and diacylglycerol mobilizing intracellular Ca 2ϩ (26, 36) . In other cells (27, 37) , NK-1R also couple to 1) G␣ s resulting in adenylyl cyclase activation (37) and cAMP formation and 2) G␣ i that inhibits cAMP formation. On the basis of this background, we aim to demonstrate that SP and its receptor, NK-1R, regulate the proliferation of cAMP-dependent large cholangiocytes in the cholestatic BDL mouse model.
MATERIALS AND METHODS

Materials.
Reagents were purchased from Sigma Chemical (St. Louis, MO) unless otherwise indicated. The nuclear dye 4,6-diamidino-2-phenylindole (DAPI) was obtained from Molecular Probes, Eugene, OR. The NK-1R antibody against the rat COOH-terminal (393-407) peptide was purchased from Enzo Life Sciences International (Plymouth Meeting, PA). SP was purchased from Phoenix Pharmaceuticals (Burlingame, CA). The antibody against proliferating cell nuclear antigen (PCNA) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse anti-cytokeratin-19 (CK-19) antibody (clone RCK105) was purchased from Caltag Laboratories (Burlingame, CA). The cAMP-dependent phospho-PKA catalytic subunit (Thr197) antibody (Cell Signaling, Boston, MA) detects endogenous levels of PKA catalytic subunit (-␣, -␤, and -␥) only when phosphorylated at Thr197. The cAMP-dependent PKA catalytic subunit-␣ antibody (Cell Signaling) detects endogenous levels of total PKA catalytic subunit-␣. The antibodies for the rabbit anti-ERK1 (which detects p44 and p42) and goat anti-pERK (which detects phosphorylated p44 and p42) were purchased from Santa Cruz Biotechnology RIA kits for the determination of cAMP and IP 3 levels were purchased from GE Healthcare (Arlington Heights, IL).
Animal models. The majority of the studies were performed in wild-type (WT, ϩ/ϩ ) and NK-1R knockout (NK-1R Ϫ / Ϫ ) normal (sham-operated) and 1-wk BDL mice (Table 1) ; since we did not see any difference in biliary growth between normal and sham-operated mice (not shown), we used normal mice in our studies. Some of the experiments were also performed in normal and 1-wk BDL heterozygous mice (derived from the same breeding) to evaluate hepatocyte apoptosis and steatosis, lobular necrosis, the degree of inflammation and intrahepatic bile duct mass, and biliary apoptosis in vivo. BDL was performed as described (22, 23, 35) . The NK-1R
Ϫ/Ϫ mouse model (25-30 g, of the N5 generation) is bred at our Animal Facility; the original breeding pair was a gift from Dr. Norma Gerard (Harvard Medical School, Boston, MA) to Dr. Donald DiPette (coauthor in this article). This is a homozygous Ϫ / Ϫ model on a C57BL/6 background. The mouse model lacking the NK-1R gene was generated as described (12) . Age-matched male C57BL/6 wild-type (WT) mice were purchased from Charles River (Wilmington, MA), whereas heterozygous mice were obtained from our breeding colony. All mice were maintained in a temperature-controlled environment (20 -22°C) with 12: 12-h light-dark cycles. Before each experimental procedure, animals were injected with pentobarbital sodium (50 mg/kg body wt ip). All animal experiments were performed according to a protocol approved by the Scott and White and Texas A&M Health Science Center Institutional Animal Care and Use Committee.
Immortalized and freshly isolated large cholangiocytes. Since BDL induces the proliferation of large but not small cholangiocytes (21, 23) , the signaling studies were performed in freshly isolated large cholangiocytes from WT and NK-1R Ϫ/Ϫ BDL mice, and our immortalized line of large cholangiocytes, which display phenotypical and functional characteristics similar to those of freshly isolated large cholangiocytes (16, 21, 22) . Virtually pure (by CK-19 immunohistochemistry) (16) isolated large cholangiocytes were obtained by centrifugal elutriation followed by immunoaffinity separation (16, 21) by using a monoclonal antibody, mouse IgG2a (provided by Dr. R. Faris, Providence, RI) against an antigen expressed by all intrahepatic cholangiocytes (21) .
Evaluation of NK-1R protein expression. Analysis of NK-1R expression was evaluated by semiquantitative immunohistochemistry in paraffin-embedded liver sections (4 -5 m; 6 slides per treatment group; for each slide 6 nonoverlapping fields were evaluated) (16, 21) from the selected groups of animals. Following immunohistochemistry, photographs of liver sections were taken by Leica Microsystems DM 4500 B Light Microscopy (Weltzlar, Germany) with a Jenoptik Prog Res C10 Plus Videocam (Jena, Germany). The quantitative expression of NK-1R was measured by immunoblots (16) in protein (10 g) from whole cell lysate from large cholangiocytes from normal and BDL WT mice. The intensity of the bands was determined by scanning video densitometry using the phospho-imager Storm 860 and the ImageQuant TL software version 2003.02 (GE Healthcare, Little Chalfont, Buckinghamshire, UK). The presence of NK-1R was also evaluated by immunofluorescence (14, 16) in immortalized large cholangiocytes. Images were visualized via an Olympus IX-71 confocal microscope. For all immunoreactions, negative controls (with normal serum from the same species substituted for the primary antibody) were included.
Evaluation of serum levels of transaminases and bilirubin, lobular necrosis, inflammation, hepatocyte apoptosis and steatosis, and cholangiocyte proliferation and apoptosis. In the in vivo studies, we measured 1) liver weight, body weight, and liver-to-body weight ratio (4) and 2) serum levels of transaminases, alanine aminotransferase and aspartate aminotransferase, and total bilirubin using a Dimension RxL Max Integrated Chemistry system (Dade Behring, Deerfield IL) by the Chemistry Department, Scott & White.
We evaluated 1) lobular necrosis and the degree of inflammation by hematoxylin and eosin (H&E) staining; 2) the percentage of apoptotic hepatocytes by terminal deoxynucleotidyl transferase biotin-dUTP nick-end labeling (TUNEL) kit (33) (Apoptag; Chemicon International); and 3) the number of large cholangiocytes (lining large bile ducts, Ͼ 15 m diameter) (2) positive for PCNA (15) and CK-19 (39) or by TUNEL kit (33) in liver sections (4 -5 m; 6 slides per treatment group; for each slide 6 nonoverlapping fields were evaluated) from the selected groups of animals. The degree of hepatocyte steatosis was evaluated in frozen liver sections (4 -5 m thick) by both H&E staining and the oil red O staining kit (32) (IHC World, Woodstock, MD). All sections were examined in a coded fashion by two board certified pathologists by a BX-51 light microscope (Olympus, Tokyo, Japan) equipped with a camera. We also evaluated the damage of a number of tissues/organs in the experimental groups listed in Table 1 .
Evaluation of gene expression for collagen 1␣ and ␣-smooth muscle actin in total liver samples. We measured the expression of the messages for collagen 1␣ and ␣-smooth muscle actin (␣-SMA) in RNA (0.5 g) in total liver tissue by the RT 2 Real-Time assay from SABiosciences (Frederick, MD) (16) . A ooCT (delta delta of the threshold cycle) analysis was performed by using RNA from normal WT mice as the control sample. Data were expressed as relative mRNA levels Ϯ SE of the selected gene-to-GAPDH ratio. The primers for collagen 1␣ and ␣-SMA (purchased from SABiosciences) were designed according to the NCBI GenBank Accession numbers: NM_007742 (for collagen 1␣) (18) and NM_007392 (for ␣-SMA) (34) .
Measurement of PCNA protein expression and phosphorylation of PKA in purified large cholangiocytes. In protein (10 g) from whole cell lysate from spleen (positive control) and purified large cholangiocytes from WT and NK-1R Ϫ/Ϫ BDL mice, we evaluated by immunoblots (16, 21) cholangiocyte proliferation by PCNA protein expression (measured as ratio to ␤-actin protein expression) (16) , and the phosphorylation of cAMP-dependent PKA (expressed as ratio to protein expression of the corresponding total protein), a molecule playing an important role in cAMP-dependent regulation of large cholangiocyte proliferation (8, 15, 17) . The intensity of the bands was determined by scanning video densitometry using the phospho-imager (19) of the proliferation (by PCNA) and the phosphorylation of PKA. The intensity of the bands was determined by scanning video densitometry (see above). Large cholangiocytes were also stimulated with 0.2% BSA or SP (10 Ϫ9 (19) .
Statistical analysis. All data are expressed as means Ϯ SE. Differences between groups were analyzed by the Student's unpaired t-test when two groups were analyzed and by ANOVA when more than two groups were analyzed, followed by an appropriate post hoc test.
RESULTS
Expression of NK-1R in liver sections and isolated and immortalized large cholangiocytes.
By semiquantitative immunohistochemistry, the expression of NK-1R was low in bile ducts from WT (red arrow) normal mice but increased in bile ducts from WT BDL mice ( Fig. 1A ; yellow arrows and Table  1 ). NK-1R was absent in bile ducts from normal and BDL NK-1R Ϫ/Ϫ mice ( Fig. 1A and Table 1 ). These findings were confirmed by immunoblotting: the expression of NK-1R increased in large cholangiocytes from BDL WT mice compared with large cholangiocytes from normal WT mice (Fig. 1B) ; NK-1R was also expressed by small bile ducts in liver sections (not shown). By immunofluorescence, specific immunoreactivity for NK-1R in representative fields of large murine cholangiocyte lines (44) is shown in red; cell nuclei were stained with DAPI (blue) (Figs. 1C) .
Evaluation of serum levels of transaminases and bilirubin, lobular necrosis, inflammation, hepatocyte apoptosis and steatosis, and cholangiocyte proliferation and apoptosis. Surprisingly, body weight was significantly lower in WT BDL mice compared with NK-1R
Ϫ/Ϫ BDL mice (Table 1 ). In both normal and BDL NK-1R Ϫ/Ϫ mice there was a significant decrease in liver-to-body weight ratio (an index of liver growth including cholangiocytes) (4) compared with the corresponding WT mice ( Table 1 ). In agreement with previous studies in rodents (4) , the serum levels of transaminases (alanine aminotransferase and aspartate aminotransferase) and total bilirubin were higher in WT BDL mice compared with normal WT mice and decreased in NK-1R Ϫ/Ϫ BDL mice compared with WT BDL mice ( Table 2) . No difference in the serum levels of total bilirubin was observed between WT normal mice and NK-1R Ϫ/Ϫ normal mice (Table 2) . Surprisingly, we observed a significant increase in the serum levels of transaminases in normal NK-1R Ϫ/Ϫ mice compared with WT normal mice ( Table 2) .
In liver sections from normal NK-1R Ϫ/Ϫ mice, we observe higher hepatocyte apoptosis (Table 3) , some necrotic areas (yellow arrows, Fig. 2A ) and inflammatory infiltrates (yellow arrow, Fig. 2B ) compared with normal WT mice. There was a decrease in necrotic areas in NK-1R Ϫ/Ϫ BDL mice compared with BDL WT mice (see yellow arrows) ( Fig. 2A) . No marked difference in inflammatory infiltrate was observed between WT and NK-1R Ϫ/Ϫ BDL mice (see yellow arrow) (Fig. 2B) . In NK-1R Ϫ/Ϫ normal mice, centrolobular liver parenchyma shows round-shaped areas (Fig. 2C ) and red scattered spots by oil red O staining evocative of steatosis (Fig. 2C) , whereas WT (Fig. 2C) and heterozygous (not shown) normal mice samples display normal liver morphology. All BDL liver sections do not present round-shaped areas evocative of steatosis (not shown). No significant differences in these parameters were seen between WT and NK-1R Ϫ/Ϫ normal mice (not shown). These histomorphological changes (Fig. 2 , A-C and Table 3 (Fig. 3 and Table 4 ). In NK-1R Ϫ/Ϫ BDL mice, there was a decrease in the number of CK-19-positive large cholangiocytes compared with WT BDL mice ( Fig. 3 and Table 4 ). In heterozygous BDL mice, the number of CK-19-positive cholangiocytes was lower than that of BDL WT mice but higher than NK-1R Ϫ/Ϫ BDL mice (Table 4) . In NK-1R
Ϫ/Ϫ and heterozygous BDL mice, there was a concomitant increase in the number of TUNEL-positive large cholangiocytes compared with the degree of cholangiocyte apoptosis observed in the corresponding WT BDL mice (Table 4) . No difference in cholangiocyte apoptosis was observed between WT and heterozygous normal mice and NK-1R Ϫ/Ϫ normal mice (Table 4) . No significant gross postmortem or pathological changes were detected in the body cavities, integumentary, alimentary, respiratory, circulatory, nervous, urogenital, hematopoietic, and musculoskeletal systems of normal WT mice and NK-1R Ϫ/Ϫ normal mice (not shown). mRNA expression for collagen 1␣ and ␣-SMA. No changes in the mRNA and protein expression of collagen 1␣ were observed in total liver samples from WT and NK-1R Ϫ/Ϫ normal mice (Fig. 4A) . The expression of ␣-SMA decreased in total liver samples from normal NK-1R Ϫ/Ϫ mice compared with normal WT mice (Fig. 4B) . The expression of collagen 1␣ and ␣-SMA increased in total liver samples from BDL WT mice compared with normal WT mice (Fig. 4, A and B) . There was a decrease expression of collagen 1␣ and ␣-SMA mRNA expression in total liver samples from BDL NK-1R Ϫ/Ϫ mice compared with total liver samples from BDL WT mice (Fig. 4,  A and B) .
Measurement of PCNA protein expression, and phosphorylation of cAMP-dependent PKA in isolated large cholangiocytes.
There was a decrease in PCNA expression in large cholangiocytes from NK-1R Ϫ/Ϫ BDL mice compared with large cholangiocytes from WT BDL mice (Fig. 5A) . In large cholangiocytes from NK-1R Ϫ/Ϫ BDL mice there was a decrease in the phosphorylation of cAMP-dependent PKA compared with large cholangiocytes from WT BDL mice (Fig. 5B) . Ϫ/Ϫ BDL mice compared with 7-day BDL WT mice (for semiquantitative data, see Table 4 ). Original magnification ϫ40.
In vitro effect of SP on cAMP and IP 3 levels, cholangiocyte proliferation, and phosphorylation of PKA and ERK1/2 of large cholangiocytes. A marked increase in cAMP levels was observed with forskolin (an activator of adenylyl cyclase) (17) , whereas secretin and SP induced a modest yet significant increase in cAMP levels in large cholangiocytes (Fig. 6A) . The increase in cAMP levels observed with secretin in immortalized large cholangiocytes was similar to that observed in our previous studies (17) . SP did not increase IP 3 levels of large cholangiocytes (Fig. 6B) . By MTS assays, SP induced a similar and sustained (both at 48 and 72 h) increases in the proliferation of large cholangiocytes compared with controls (Fig. 7, A  and B) ; no increase was seen at 24 h of treatment with SP (not shown). SP stimulation of large cholangiocyte growth was blocked by preincubation with spantide and H89 at 48 h and partly at 72 h ( Fig. 7 C and D) ; BAPTA/AM did not block substance stimulation of large cholangiocyte proliferation (Fig.  7 C and D) . Short-term treatment with SP increased PCNA protein expression and phosphorylation of PKA (but not ERK1/2, not shown) compared with controls (Fig. 8, A and B) .
DISCUSSION
Previous studies have demonstrated that 1) circulating levels of the sensory neuropeptides CGRP, SP, and adrenomedullin are elevated in humans, and rodent models of cirrhosis and biliary hyperplasia (11, 23, 29, 40) ; and 2) SP serum levels are elevated in cholestatic patients and BDL rats (42) . Our study provides the first evidence regarding the role of the SP¡NK-1R axis in sustaining the proliferation of large cholangiocytes by activation of cAMP signaling. We found an increase in the serum levels of transaminases in normal NK-1R Ϫ/Ϫ mice compared with WT normal mice. The serum levels of transaminases and total bilirubin were decreased in NK-1R Ϫ/Ϫ BDL mice compared with WT BDL mice. We demonstrated the presence of NK-1R in large cholangiocytes that was higher in BDL compared with normal rats. Knockdown of the NK-1R gene in BDL mice induces a decrease (ϳ40%) in the number of large cholangiocytes (associated with enhanced biliary apoptosis) compared with BDL WT mice. There was decreased PCNA protein expression and phosphorylation of PKA in large cholangiocytes from NK-1R Ϫ/Ϫ BDL mice Ϫ/Ϫ mice compared with total liver samples from BDL WT mice. In vitro, SP increased cAMP levels, enhanced the phosphorylation of PKA but not ERK1/2, and induced a sustained increase in the proliferation of large cholangiocytes. Pharmacological targeting of NK-1R may be important in the inhibition of biliary proliferation in cholestatic liver disorders.
In support for the presence of NK-1R in liver, previous studies have demonstrated the presence of NK-1R in hepatocytes (9, 10) . Although both small (not shown) and large cholangiocytes express NK-1R, we evaluated the role of the SP¡NK-1R axis on the regulation of large cholangiocyte growth since large, but not small, cholangiocytes proliferate in response to BDL (3, 15, 31) . Previous studies have emphasized the importance of cAMP/PKA/ERK1/2 signaling in the regulation of large biliary functions (8) . For example, the stimulation of adenylyl cyclase by forskolin stimulates large cholangiocyte proliferation (17) . Maintenance of cholangiocyte cAMP levels by administration of forskolin prevents the functional damage of bile ducts induced by vagotomy (30) . Since 1) small cholangiocytes (whose function is regulated by IP 3 /Ca 2ϩ ) (16, 20) express NK-1R and 2) SP exerts its cellular function by the activation of both cAMP and IP 3 /Ca 2ϩ signaling (26, 36) , studies aimed to evaluate the role of SR in small cholangiocyte functions are necessary. Also, further experiments aimed to evaluate the effects of SP on the phosphorylation of other MAPK isoforms such as JNK and p38 in large cholangiocytes are underway and part of another project.
In our NK-1R Ϫ/Ϫ BDL model, the extent of the reduction (ϳ40%) of biliary mass is consistent with the concept that cholangiocyte proliferation is coordinately modulated by a number of stimulatory/inhibitory neuroendocrine factors (7) . A similar reduction in biliary was observed in ␣-CGRP BDL Ϫ / Ϫ mice (23) since other sensory neuropeptides such as ␤-CGRP Fig. 6 . In vitro effect of forskolin (10 Ϫ4 M), secretin (100 nM) and substance P (10 M) on cAMP (A) and substance P (10 M) on D-myo-inositol 1,4,5-trisphosphate (IP3) levels (B) of large cholangiocytes. A: a massive increase in cAMP levels was observed with forskolin, whereas secretin and substance P induced a modest albeit significant increase in cAMP levels in large cholangiocytes. B: substance P did not increase IP3 levels of large cholangiocytes. Substance P increased cAMP (A) but not IP3 (B) levels of large cholangiocytes. Data are means Ϯ SE of 6 values obtained from cumulative preparations of cholangiocytes. *P Ͻ 0.05 vs. the corresponding basal value of large cholangiocytes treated with 0.2% BSA (basal). stimulate cholangiocyte proliferation during cholestasis. Also, knockout of the secretin receptor gene induces a similar decrease in biliary mass in mice with BDL (22) . The reduction of the serum levels of transaminases and bilirubin observed in NK-1R Ϫ/Ϫ BDL mice further supports the concept that blockage of the NK-1R induced signaling is important in the reduction of liver damage and biliary hyperplasia. The increase in hepatocyte apoptosis and steatosis likely explains the significant increase in the serum levels of transaminases observed in normal NK-1R Ϫ/Ϫ mice compared with WT normal mice. This finding also suggests that SP signaling may play a role in hepatic metabolism and that lack of the NK-1R may trigger hepatocyte steatosis (41) that was we speculate was resolved during cholestasis induced by BDL. Compared with WT animals, in NK-1R Ϫ/Ϫ mice a significant reduction in the mRNA expression of collagen 1␣ and ␣-SMA after BDL. These data reflect the reduction of the expansion of the biliary tree in NK-1R Ϫ/Ϫ mice, with a consequent reduction of biliary fibrogenesis, which is mostly likely due to reduced hepatic stellate cell activity (46) . In addition to alterations in hepatic stellate cell activation, we cannot rule out that an ancillary part of those differences may be accounted to reduced collagen deposition by hepatocytes, by cholangiocytes, and, in particular, by inflammatory cells, since SP is a one of the mediators of neurogenic inflammation and NK1-R antagonist have been shown to protect mice from cytokine, CD95 and TNF-␣ mediated liver injury (9, 10) .
The biological and pathophysiological significance of our findings is supported by a number of studies. For example, the neurokinin-1 receptor antagonists CP-96,345 and L-733,060 protect mice from cytokine-mediated liver injury, most likely by inhibiting SP effects (10) . NK-1R antagonists have been shown to protect mice from CD95-and TNF-␣-mediated liver damage (9) . As a direct outgrowth of the present study, since a number of neuroendocrine factors regulate biliary functions by autocrine mechanisms, we propose to evaluate the possible autocrine role of SP in the growth and damage of the biliary epithelium. 
